In the past few years, experimental results and ideas from our own and other laboratories have coalesced around the view that morphogenesis in the S. cerevisiae cell cycle is governed by a hierarchy of functions ( Fig.  1 ) (Bender and Pringle 1989; Johnson and Pringle 1990; Chant and Herskowitz 1991; Chant and Pringle 1991, 1995; Drubin 1991; Chant 1994; Zahner et al. 1996) . In this model, the actual morphogenetic events (only some of which are indicated) are carried out by the cytoskeletal systems working in complex ways that involve interactions both with each other and with the membranous organdies. The prerequisite polarization of the cytoskeleton is governed by signals from the "polarity-establishment functions." The paradigmatic proteins in this class (Cdc24p and Cdc42p) were defined by conditionallethal mutations that result in an inability to polarize the cytoskeletal systems or cell-surface growth, and hence in a failure to bud. Although the polarityestablishment proteins can apparently operate at any point on the cell surface, the cell normally selects bud sites in one or the other of two nonrandom patterns (Winge 1935; Freifelder 1960; Streiblová 1970; Hicks et al. 1977; Sloat et al. 1981) , In the axial budding pattern (as typically displayed by a or a cells, such as normal haploids), mother and daughter cells both produce new buds near the preceding division site. In the bipolar budding pattern (as typically displayed by a/a cells, such as normal diploids), the daughter cell usually buds at the pole distal to the division site, and the mother cell can bud at either pole. These budding patterns are controlled by the bud-site-selection functions, which are not essential for polarity establishment per se. The "general site-selection functions" are necessary for either the axial or the bipolar budding pattern. In contrast, the "axial-specific functions" and "bipolarspecific functions" are necessary only for the generation of one or the other cell-type-specific pattern.
In this paper, we review the key evidence that has led to the model of Figure 1 , focusing on the logic of viewing the morphogenetic system as a hierarchy, the nature of the known components at different levels in the hierarchy, and the communication between one level and the next. We also provide some new data bearing on these issues. Finally, we discuss briefly how polarity establishment is coordinated with other events in the cell cycle and how the hierarchy controlling 
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Polarity-establishment and polarity-maintenance functions (Cdc24p, Cdc42p, Bem3p, Rgalp, Cla4p, Ste20p, Bem4p, Msblp, Bemlp, ) (Rholp, Rho3p, Rho4p > Bem2p, Rdilp, ) Figure 1. Morphogenetic hierarchy in the S. cerevisiae cell cycle. According to this model, cortical positional signals specific to the axial or bipolar budding patterns (level 1) localize the action of the general site-selection functions (level 2), which in turn localize the action of the polarity-establishment functions (level 3), which in turn direct the polarization of the cytoskeietal elements (level 4), which carry out the actual morphogenetic events (level 5). The pattern of cell-surface growth is determined primarily by the actin system but is influenced by the neck filaments, which are also essential for cytokinesis. Nuclear migration and spindle orientation are determined primarily by the cytoplasmic microtubules, but are also influenced by the actin system. See text for references and additional details.
polarization during budding relates to that controlling polarization during mating.
MATERIALS AND METHODS
Microbiological methods. Standard techniques were used for the growth and genetic manipulation of yeast strains (Guthrie and Fink 1991) .
Antibody preparation. To prepare Cdc24p-specific antibodies, a glutathione 5-transferase (GST)-fusion protein containing amino acids 472-854 of Cdc24p was produced in Escherichia coli using the vector pGEX-3X (Pharmacia) and was used to immunize rabbits according to standard procedures. Cdc24p-specific antibodies were obtained by two steps of affinity purification on nitrocellulose blots ). The first step used a fusion of amino acids 472-854 of Cdc24p to MalE (prepared in E. coli using vector pMAL-c2 [New England BioLabs] ), and the second step used the GST-fusion protein. The purified antibodies' recognized essentially only one band (or closely spaced pair of bands) in immunoblots of proteins from yeast expressing CDC24 under control of the GAU promoter, and the intensity of this band varied in the expected way with the carbon source (data not shown). Antibodies specific for Bemlp were prepared similarly, using fusions of approximately the carboxy-terminal two thirds of Bemlp to ß-galactosidase (using vector pUR289 [Rüther and Müller-Hill 1983) ] and to anthranilate synthase (using vector pATHS [Koerner et al. 1991] ). Immunoblots using the affinity-purified antibodies on extracts of wild-type cells, cells deleted for BEMl y and cells carrying a high-copy-number BEM1 plasmid confirmed the specificity of the antibodies for Bemlp (data not shown). Antibodies to GST were purchased from Molecular Probes and affinity-purified on nitrocellulose blots of the GST-Cdc24p fusion protein.
Cytological techniques. Staining of bud scars with Calcofluor and of actin with Rhodamine-phalloidin, immunofluorescence, and fluorescence microscopy were performed essentially as described previously ).
Two-hybrid analyses. Two-hybrid analyses (Fields and Sternglanz 1994) were performed using the system described by Gyuris et al. (1993) . DNA fragments to be fused to the LexA DNA-binding domain in plasmid pEG202 or to the activation domain in plasmid pJG4-5 were generated by polymerase chain reaction using the cloned genes as templates. For quantitative assessment of interactions, strain EGY48 containing the lexAop-lacZ reporter plasmid pSH 18-34 was co-transformed with a pEG202 derivative and a pJG4-5 derivative, ß-Galactosidase activities were measured in three to six different isolates of each strain after growth for 16 hours at 30 o C in minimal medium containing 2% galactose and 1 % raffinose.
RESULTS AND DISCUSSION

Axial-and Bipolar-specific Positional Signals in the Cell Cortex
The general features of the axial and bipolar budding patterns have been known for many years (see above). However, until recently, we did not have a sufficiently precise description of either pattern to allow us to think critically about possible mechanisms. In particular, we could not discriminate among three possible models for the axial pattern, namely (1) each new bud forms near the proximal (or birth-scar) pole, (2) each new bud forms adjacent to some previous division site, and (3) each new bud forms adjacent to the immediately preceding division site. The details of the bipolar pattern were even more obscure. For example, we did not know whether a daughter cell can ever produce its first bud at the proximal pole, what rules govern the choice of poles by mother cells, or whether the pattern of successive bud sites around the proximal pole is the same as seen in axially budding cells. (If it were, one could imagine that the axial pattern is produced simply by an additional restriction-elimination of the distal pole as a possible budding site-on an underlying bipolar pattern.)
To address these issues, we characterized both budding patterns in detail . The results showed that in exponentially growing, axially budding cells, each new bud site is adjacent to the immediately preceding division site. This suggested that in each cell cycle, the division site on both mother and daughter cells is marked by a transient positional signal that can direct bud-site selection in the next cell cycle but not in later cell cycles. The hypothesis of a transient positional signal was supported by the observations that temporary arrest of the cell cycle causes cells to form their next buds in nonaxial positions (usually at the distal pole) , after which axial (adjacent) budding then resumes in the new location.
The BUD3 and BUD4 gene products appear to be involved specifically in determining the axial budding pattern: bud3 and bud4 mutations, including deletions, cause a or a cells to bud bipolarly but have no detectable effect on cell growth or on the bipolar budding of a/a cells (Chant and Herskowitz 1991; S. Sanders and I. Herskowitz, pers. comm.) . Immunolocalization of Bud3p revealed that it behaves as predicted for the transient positional signal marking the division sites for axial budding. No Bud3p signal was detected in cells with >» ^ Figure 2 . {A) Localization of Bud3p to rings at the motherbud necks of large-budded cells and to the preceding division sites of recently divided unbudded ceils. (Reprinted, with permission, from Chant et al. 1995 [copyright Rockefeller University Press] .) (ß,C) Bipolar budding of a normal a/a diploid (/?) and of an a budSS haploid (C). (D-/) Mutants with specific defects in bipolar budding. (D,F,//) Normal axial budding of a BUD3 strains carrying a budô (D), budS (f), or bud9 (ff) mutation. {E,G,I) Aberrant budding patterns of a bud3S or a/a BUD3/BUD3 strains carrying a budô (£, random budding), bud8 (G, unipolar budding, proximal pole; birth scars are obscured by the bud scars), or bud9 (/, unipolar budding, distal pole; note birth scars at the proximal poles) mutation.
small buds, but cells with large buds display an apparent double ring of Bud3p at the mother-bud neck ( Fig.  2A) . Upon cell division, a single ring of Bud3p is left on both mother and daughter cells (Fig. 2A) and copyright Rockefeller University Press.)
shifted to restrictive temperature ; and septin mutations can cause a loss of axial budding (Flescher et al. 1993; . Thus, Bud3p and the neck-filament-associated proteins appear to be linked in a cycle in which each determines the localization of the other (Fig. 3A ). Bud4p appears to behave similarly (S. Sanders and I. Herskowitz, pers. comm.) and thus is probably also a component of the axialspecific cortical signal. Surprisingly, Bud3p and Bud4p are expressed and localized in a/a cells just as they are in a or a cells S. Sanders and I. Herskowitz, pers. comm.) . Similarly, several lines of evidence (including the bipolar budding of bud3 and bud4 mutants and the apparent use of bipolar sites by a or a cells following cell-cycle arrest) suggest that the bipolar positional signals (as discussed in more detail below) are expressed in a and a cells as well as in a/a cells. Thus, it is not clear how cell type determines the budding pattern. An important clue to this conundrum has recently been provided by the identification of a third axial-specific gene, AXLl, which is expressed in a and a cells but not in a/a cells (Fujita et al, 1994) , presumably reflecting control by the al/a2 repressor ).
The detailed analysis of bipolar-budding cells showed that both daughter cells and mother cells can bud at either pole during any cell cycle, although there are interesting (and unexplained) biases affecting the choice of poles. Moreover, the patterns of bud sites at both the proximal and distal poles are nonaxial (i.e., a new bud site at a given pole is not always adjacent to the immediately preceding bud site at that pole). In contrast to the disruption of axial budding by temporary arrest of the cell cycle (see above), such arrest has little effect on bipolar budding. However, a few cells form buds in nonpolar positions during the recovery from starvation, and these atypically positioned bud sites then appear to represent new poles, in the sense that future bud sites can also be selected in their vicinity. Taken together, these observations suggest that bipolar budding depends on persistent or permanent positional signals that are distinct from the transient signal used for axial budding. These signals appear to be present in newborn daughter cells both in a zone corresponding to their birth scars at their proximal poles and at the tips of their distal poles; in mother cells, signal also appears to be present at each previous bud site. Thus, in any cell cycle, a bipolar-budding cell can bud at the tip of its distal pole (if this site has not already been used), in a zone around its proximal pole, or adjacent to any previous bud site. The observations can be accomodated by either of two simple models . In one model (Fig. 3B) , the postulated bipolar signal molecules are localized to the presumptive bud site, partitioned between the tip and the base of the bud at bud emergence, and further partitioned between the mother and daughter cells at cytokinesis. In the other model (Fig.  3C) , the signal molecules are proposed to be left as remnants of the cell-surface-growth machinery, which is concentrated early at the bud tip and later at the division site.
This analysis of the bipolar budding pattern suggested that it should be possible to isolate mutants that are specifically defective in bipolar budding; such mutants might be defective either in the postulated bipolar positional signal(s) or in factors necessary for the localization or recognition of such signals. To allow detection of recessive mutations, we used a haploid bud3à strain, which buds bipolarly like a normal a/a strain (see above; Fig. 2B ,C). To detect the widest range of possible phenotypes (including potentially unexpected ones), and to do so in a genetic background that was relatively simple, we developed streamlined methods for screening large numbers of individual mutagenized clones for their patterns of bud scars by Calcofluor staining and fluorescence microscopy.
In a screen of 20,500 mutagenized clones, we recovered 30 that had clear alterations in budding pattern due to single-gene mutations (Zahner et al. 1996) . Upon transformation with a 5i/D5-containing plasmid, 19 of these mutants continued to display aberrant budding patterns, indicating that they are defective in general site-selection functions (see Fig. 1 and further discussion below). However, the remaining 11 mutants displayed normal axial budding in the presence of BUD3 (Fig. 2D,FM) , indicating that they indeed have defects in bipolar-specific functions. Of these mutants, 6 bud randomly (Fig. 2E ) or in a complex, heterogeneous pattern, whereas 2 mutants bud almost exclusively from the proximal pole ( Fig. 2G ) and 3 bud almost exclusively from the distal pole (Fig. 21 ). Genetic analysis revealed that the 6 random or heterogeneous mutants harbor defects in six different genes, four of which (BUD2, BUD5, SPA2, and BNI1) were known previously, and two of which (named BUD6 and BUD7) are novel, BUD2 and BUD5 are discussed further in the following two sections. Although SPA2 has been studied intensively by M. Snyder and coworkers (Snyder 1989; Snyder et al. 1991; Costigan et al. 1992; Flescher et al. 1993) , the preciserole of Spa2p remains unclear. However, it is intriguing that this protein localizes to presumptive bud sites, bud tips, and the mother-bud neck at various times in the cell cycle (Snyder 1989; Snyder et al. 1991) , very much as postulated for the bipolar-specific positional signal(s) (Fig.  3B,C) . BNU was first identified (H.F. Fares and J.R.
Pringle, in prep.) on the basis of a genetic interaction with CDC12, which encodes one of the neck-filamentassociated septin proteins; thus, the apparent role of Bnilp in bipolar budding suggests (not surprisingly, in view of the models of Fig The 2 proximal-pole mutants define one novel gene {BUDS), and the 3 distal-pole mutants define one novel gene (BUD9). BUD8 and BUD9 might encode proteins that are specific components of the distal-pole signal and the proximal-pole signal, respectively; however, the bud8 bud9 double mutant does not bud randomly but instead predominantly from the proximal pole, implying that the bud9 mutation does not simply eliminate an essential component of the proximal-pole signal. Thus, we think it is more likely that BUD8 and BUD9 encode proteins that are essential for the normal positioning (or partitioning) of the bipolar positional signal (see Fig. 3B ,C). Analyses of protein sequences and localization are in progress.
Other evidence suggests that the actin cytoskeleton may also be involved in positioning the signals used for bipolar budding. Several mutations affecting actin structure cause a randomization of budding pattern in a/a cells (Drubin et al. 1993 ) while having little or no effect on the axial budding of a or a cells (D. Drubin, pers. comm.) . In addition, mutations in RVS161, RVS167, and several interacting genes appear both to affect the organization of the actin cytoskeleton and to disrupt the bipolar but not the axial budding pattern (Bauer et al. 1993; Sivadon et al. 1995) , although the complex, pleiotropic phenotypes of these mutants (Bauer et al. 1993; Desfarges et al. 1993 ) complicate the interpretation of these observations.
General Site-selection Functions: A GTPase Signaling Module
The general site-selection proteins encoded by RSR1 (or BUD1), BUD2, and BUD5 were defined by mutations (including deletions of the genes) that randomize the budding patterns of a, a, and a/a cells but have no obvious effect on growth rate or other aspects of cell morphology (Bender and Pringle 1989; Chant and Herskowitz 1991; Park et al. 1993) . These phenotypes suggest that the gene products are dedicated to bud-site selection and play no role in polarity establishment per se; this distinction is a critical part of the logical basis for viewing the morphogenetic functions as a hierarchy (Fig. 1) . (It is conceivable that the general bud-site-selection proteins play another role that is not revealed by the deletion mutations because of functional redundancy..However, this seems unlikely because a dominant-negative alíele of RSR1 also randomizes bud-site selection without affecting growth rate [Ruggieri et al. 1992] .) Rsrlp is a Ras-related GTPase (Bender and Pringle 1989) , and strong evidence from sequence similarities Park et al. 1993) , in vitro biochemistry (Park et al. 1993; Zheng et al. 1995) , and in vivo genetic analysis (Powers et al. 1991; Bender 1993) indicates that Bud5p and Bud2p are the guanine-nucleotideexchange factor (GEF) and GTPase-activating factor (GAP), respectively, that regulate Rsrlp.
Immunofluorescence observations suggest that Rsrlp is patchily distributed over the entire cell surface (J, Chant et al., unpubl.) . This suggests that the role of Rsrlp in communicating spatial information to the polarity-establishment functions (see further discussion below) is mediated by localized regulation of its GTPase cycle rather than by localization of the protein itself. Because loss of Rsrlp-GEF activity , loss of Rsrlp-GAP activity (Chant and Herskowitz 1991; Bender 1993; Park et al. 1993) , and loss of intrinsic Rsrlp GTPase activity (by mutation of glycine 12 to valine; Ruggieri et al. 1992 ) all produce the same phenotype as loss of Rsrlp itself, Rsrlp function appears to require cycling between the GTP-and GDP-bound forms, rather than simply generating an adequate amount of activated (i.e., GTP-bound) Rsrlp. This view of Rsrlp function is supported by the observations that overproduction of Rsrlp does not noticeably affect the budding pattern (Ruggieri et al. 1992) , whereas overproduction of Bud5p partially randomizes budding , and that Bud5p and Bud2p appear to be involved in communication with the axial-specific and bipolar-specific positional signals (as discussed further below). It is not yet clear whether the localized regulation of the Rsrlp GTPase cycle is achieved by localization of the Bud5p and Bud2p proteins themselves or by localized regulation of their activities.
Although Rsrlp, Bud5p, and Bud2p appear to form a tidy functional module, it is almost certain that the original screens that identified these genes were not saturated (Chant and Herskowitz 1991; . Indeed, several of the general site-selection mutants identified in the screen for bipolar-specific mutants (see above) appear to have mutations in novel genes (V. Snell and J.R. Pringle, unpubl.) . How the functions of these additional genes relate to the Rsrlp GTPase cycle is not yet known.
Communication between the Cortical Positional Signals and the General Site-selection Functions
The arguments above suggest that the axial and bipolar budding patterns are generated by communication between the corresponding positional signals in the cell cortex and the Rsrlp regulatory factors. Additional strong support for this hypothesis came from the identification of special alíeles of BUD5 and BUD2 among the mutations having specific effects on the bipolar budding pattern (see above). Presumably, these alíeles encode products that have lost the ability to interact with the bipolar positional signal(s) but retain the ability to interact with the Bud3p-and Bud4p-containing axial positional signal. Identification and analysis of additional bipolar-specific BUD5 and BUD2 alíeles and of the (expected) corresponding axial-specific alíeles should allow the BudSp and Bud2p domains involved in these interactions to be mapped, as well as facilitate the identification of specific components of the cortical signals with which the interactions occur.
Polarity-establishment and Polarity-maintenance Functions: Additional GTPase Signaling Modules
In sharp contrast to the bud-site-selection proteins, the paradigmatic polarity-establishment proteins Cdc24p and Cdc42p are essential for viability. At restrictive temperature, temperature-sensitive cdc24 and cdc42 mutants accumulate uniformly as large, round, unbudded cells in which the deposition of cellsurface components is nearly or entirely isotropic (Hartwell et al. 1974; Sloat and Pringle 1978; Field and Schekman 1980; Sloat et al. 1981; Adams et al. 1990 ); the cells continue to grow and eventually burst. Moreover, neither the neck-filament-associated septin proteins nor proteins of the actin cytoskeleton undergo polarized assembly in these mutants (Adams and Pringle 1984; Adams et al. 1990; Amatruda and Cooper 1992; Li et al. 1995; H. Kim et al., unpubl.) . Normally, both sets of proteins assemble at the presumptive bud site about 15 minutes before bud emergence (Ford and Pringle 1991; Kim et al. 1991; Snyder et al. 1991; Amatruda and Cooper 1992) . The two sets of proteins appear to assemble independently of each other: The relative timing of assembly is variable in individual wild-type cells, and each set of proteins can assemble in mutants unable to assemble the other (Adams and Pringle 1984; H. Kim et al., unpubl.) . Thus, the observation that both sets of proteins require the functions of Cdc24p and Cdc42p for their assembly constitutes a formal justification for considering the polarityestablishment functions to comprise a level in the morphogenetic hierarchy distinct from that of the cytoskeletal elements per se.
Molecular justification for this view comes from the evidence that Cdc24p and Cdc42p have signaltransduction rather than structural roles; in particular, Cdc42p is a Rac/Rho-type GTPase , whereas Cdc24p appears to be a GEF that operates on Cdc42p (Zheng et al. 1994b ). Thus, the control of cytoskeletal polarization by Cdc24p is presumably mediated at least in part by its activation of Cdc42p (Fig. 4) . However, it remains unclear whether Cdc24p has targets other than Cdc42p. For example, Cdc24p might also have GEF activity toward one or more of the other Rho proteins ( Fig. 1 ; and see Figure 4 . Diagram highlighting the few clues and the many uncertainties as to how the polarity-establishment proteins promote the polarized assembly of the cytoskeleton. Cdc24p activates Cdc42p but may also have additional targets. Bemlp probably facilitates the Cdc24p-Cdc42p interaction as well as interactions involving other bud-site-selection and polarity-establishment proteins. Cdc42p interacts both with the Cla4p/Ste20p protein kinases and with the Bem3p/Rgalp GAPs, but whether these interactions represent two separate effector pathways or different aspects of a single pathway is unclear. Loss of Cla4p/Ste20p function affects localization of the neck-filament-associated septin proteins, but whether this represents a direct effect on septin assembly or an indirect effect reflecting a subtle influence on the targeting of cell-surface growth is unclear. Cdc42p function is necessary for polarized assembly of the actin cytoskeleton, but effectors in this pathway have not been identified. The neck filaments are not necessary for polarized actin assembly but may influence the degree of actin polarization (and hence the pattern of cell-surface growth). The orientation of the cytoplasmic microtubules is influenced by the actin system, but it is not clear if the polarityestablishment proteins also control microtubule polarization more directly. The roles of other putative polarity-establishment proteins (not shown) are even more obscure at present, and no attempt has been made to incorporate the probable interactions between polarity-establishment and polarity-maintenance functions. See text for references and more detailed discussion.
below), a possibility that is lent some credibility by the lack of reports to date of other Rho-GEFs in yeast (see below). Although no GEF activity of Cdc24p upon Rholp was detected in vitro (Zheng et al. 1994b) , it is possible that such activity occurs in vivo or that one of the other Rho proteins is a Cdc24p target. In addition, the domains of Cdc24p implicated in its GEF activity (amino acids 281-518 [Hart et al. 1991; Miyamoto et al. 1991; Zheng et al. 1994b] ) and in its interactions with Bemlp (amino acids 780-854 [Peterson et al. 1994] ) and Rsrlp (amino acids 473-854 [H.-O. Park and I. Herskowitz, pers. comm.]) appear unlikely to account for all of its 854 amino acids. In particular, the roles of the amino-terminal 280 amino acids, of the pleckstrinhomology (PH) domain (Peterson et al. 1994) , and of the putative Ca^-binding site (Ohya et al. 1986; Miyamoto et al. 1991) remain obscure, although the recent observation that Ca ++ interferes with the Cdc24p-Bemlp interaction ; and see below) may be an important clue to the last of these questions. One attempt to screen genetically for Cdc24p targets other than Cdc42p has to date been unsuccessful (E. Bi and J. Pringle, unpubl.): In a search for genes whose overexpression would improve the previously observed (Bender and Pringle 1989) multicopy suppression of cdc24 ts by CDC42, we recovered only MSB! and CLA4, both of whose products appear to interact with Cdc42p (Bender and Pringle 1989; Cvrcková et al. 1995; A. Bender and Y. Matsui, pers. comm.; and see below) and therefore are unlikely to define a separate effector pathway.
Control of the Cdc42p GTPase cycle presumably also involves other regulatory factors. The identification of the putative Cdc42p-GAPs Bem3p and Rgalp (Fig. 1) , and their possible roles (along with the Cdc42p-associated protein kinases Cla4p and Ste20p) as Cdc42p effectors, are discussed below. It is not yet clear whether the Rho GDP-dissociation inhibitor (GDI) Rdilp operates on Cdc42p (Masuda et al. 1994) , although it does interact strongly with prenylatable Cdc42p in two-hybrid tests (Table 1) .
Other proteins, have been provisionally assigned to the polarity-establishment class (Fig. 1) based on mutant phenotypes, genetic interactions, or both; however, it should be noted that none of these other proteins produces such a clear-cut loss-of-polarity phenotype when defective as do Cdc24p and Cdc42p. For example, BEM4 displays a variety of genetic interactions with CDC24 and CDC42, and deletion of BEM4 causes (at least in some genetic backgrounds) temperature-sensitive growth with the accumulation of large, unbudded cells whose actin cytoskeletons appear depolarized (Y. Matsui and A. Bender, pers. comm.) . However, the sequence of Bem4p has so far been uninformative, and its precise role remains obscure. Similarly, MSB1 displays numerous genetic interac- 
proteins should be defective in GTPase activity and thus locked in the GTP-bound form (Ziman et al. 1991). Constructs containing Msb2p (Bender and Pringle 1992) were included as negative controls, as were the vectors without inserts (labeled "none"). Full details of the constructions and additional related data can be found in Simon et al. (1995), Cvrcková et al. (1995), and Stevenson et al. (1995).
lions with CDC24, CDC42, BEM4, and BEM1 (Bender and Pringle 1989, 1991; A. Bender and Y. Matsui, pers. comm.) . However, deletion of MSB1 produces no obvious phenotype, and the sequence of Msblp has so far been uninformative (Bender and Pringle 1991) .
Somewhat more information is available about BEM1. This gene was identified independently on the bases of (1) temperature-sensitive-lethal loss-ofpolarity mutants that proved to be beml bud5 double mutants , (2) mutants synthetically lethal with a deletion of MSB1 (Bender and Pringle 1991) , (3) a mutant suppressed by multicopy CDC42 (A. Bender and Y, Matsui, pers. comm.), and (4) mutants showing an inability to polarize growth in response to a factor (Chenevert et al. 1992 ). Deletion of BEM1 in an otherwise wild-type background results in temperature-sensitive lethality; the arrested population contains many large, unbudded cells but is more heterogeneous morphologically than is the beml bud5 double mutant Chenevert et al. 1992 ). It has also been shown by two-hybrid analysis and by in vitro analysis using bacterially expressed proteins that Bemlp associates directly both with Cdc24p and with Rsrlp (Peterson et al. 1994 ; H.-O. Park and I. Herskowitz, pers. comm.) . Bemlp contains two SH3 domains (Chenevert et al. 1992 ), but these are not involved in the interaction with Cdc24p (Peterson et al. 1994 ) and thus presumably interact with some other component(s) such as the Boilp and Boi2p proteins recently identified by two-hybrid analysis (A.
Bender, pers. comm.). The multiplicity of its interactions suggests that Bemlp might serve a scaffolding role in organizing multiple components at the site of polarization (see also below). This hypothesis is supported by observations in Schizosaccharomyces pombe f where it has been observed that overexpression of the Bemlp homo'og Ral3p/Scd2p can facilitate two-hybrid interactions both between Rallp/Scdlp (a Cdc24p homolog) and Raslp (an Rsrlp homolog) and between Rallp/Scdlp and 5. pombe Cdc42p (Chang et al. 1994) .
In contrast to the paradigmatic polarity-establishment mutants, mutants defective in RHOl or in RH03 and RH04 (whose functions seem to be at least partially redundant) accumulate small-budded cells (Matsui and Toh-e 1992; Yamochi et al. 1994 ). This suggests that the Rho-type GTPases encoded by these genes are involved in the maintenance of cytoskeletal polarity or of polarized cell-surface growth after bud emergence, rather than in the initial establishment of polarity. Thus, these Rho proteins are provisionally assigned to a separate class of "polarity-maintenance functions" (Fig. 1) . However, it should be noted that the distinction between polarity-establishment functions and polarity-maintenance functions may not be sharp; in particular, Cdc24p and Cdc42p may function in both processes. This was suggested for Cdc24p by the apparent loss of polarized bud growth when budded cells were shifted to restrictive temperature and by the abnormal-shaped buds produced during growth at semi-permissive temperatures (Sloat et al. 1981 ). Similar observations have been made on cdc42 mutants, and several lines of genetic evidence also suggest that Cdc42p has a function in polarity maintenance that overlaps with the function of Rho3p and is distinct from its function in polarity establishment (Y. Matsui, pers. comm.) .
It remains unclear how the GTPase cycles of Rholp, Rho3p, and Rho4p are regulated. Although no GEFs for these proteins have been reported, sequence homology, in vitro assays, and in vivo genetic interactions all suggest that the BEM2 (or JPL2) gene product is a GAP for Rholp (and perhaps the other Rho proteins) (Kim et al. 1994; Peterson et al. 1994; Zheng et al. 1994b ). In addition, the RDIl gene product functions as a Rholp-GDI in vitro (Masuda et al. 1994 ) and interacts strongly even with nonprenylatable Rholp in two-hybrid tests (Table 1) . It is also unclear how the regulation of the Rho proteins is controlled by (or coordinated with) the function of Cdc24p and Cdc42p, although the synthetic lethality of bem2 mutations with both msbl mutations and beml mutations (Bender and Pringle 1991; Peterson et al. 1994) , as well as general arguments about the structure of the morphogenetic hierarchy (see above), suggest strongly that such control (or coordination) must occur. The immediate effectors of the Rho proteins also await identification. One clue to either the regulation or function of the Rho proteins comes from the genetic interactions between BEM2 and genes controlling protein phosphatase function (Healy et al. 1991; Kim et al. 1994) , which suggest (not too surprisingly) that protein phosphorylation/dephosphorylation plays a role.
Communication between the General Site-selection and Polarity-establishment Functions
Multiple lines of evidence now suggest that the communication of positional information from the general site-selection proteins to the polarity-establishment proteins, and thus polarity establishment at appropriate locations, occurs by means of an interaction between GTP-bound Rsrlp and Cdc24p. RSR1 was originally identified as a multicopy suppressor of a cdc24' s mutation (Bender and Pringle 1989) . Suppression is not observed with a cdc24 null mutation, suggesting that it may involve stabilization of the thermolabile Cdc24p by interaction with Rsrlp. rsrl G12v (whose product should be locked in the GTPbound form) retains suppression ability despite its incompetence for normal bud-site selection, whereas rsr jKi6N ( w h ose product should be unable to bind GTP) does not (Ruggieri et al. 1992) ; moreover, suppression by RSRl,hu\ not by rsrl G12v , requires the Rsrlp-GEF Bud5p (Ruggieri et al. 1992; Bender 1993 ). In addition, certain cdc24' s mutants display random budding at permissive temperatures (where bud formation and overall cell morphology appear essentially normal; Sloat et al. 1981) ; strikingly, among five independent cdc24 ts alíeles tested, only the two with this random-budding phenotype were suppressed at restrictive temperature by overexpression of RSR1 (E. Bi and J.R. Pringle, unpubl.) . Recently, these genetic inferences have been supported by biochemical data showing a specific interaction between Rsrlp-GTP and Cdc24p H.-O. Park and I. Herskowitz, pers. comm.) .
Like Rsrlp (see above), Cdc24p appears to have a circumcellular distribution (Fig. 5A,B) . Thus, one possible model is that in wild-type cells, localized activation of Rsrlp leads to localized activation of Cdc24p, which leads to localized activation of Cdc42p. The latter step may be coupled to localization of Cdc42p itself, as it, in contrast to Rsrlp and Cdc24p, is clearly concentrated at presumptive bud sites and the tips of small buds (Ziman et al. 1993) . However, this model faces several difficulties. First, Zheng et al. (1995) did not detect any effect of Rsrlp-GTP upon the Cdc42p-GEF activity of Cdc24p as measured in vitro. This difficulty might be avoided if an activation that occurs in vivo were dependent on components not present in these in vitro assays. A perhaps deeper problem is that the model does not readily explain how Cdc24p would become activated at a single (random) site, and at the proper time in the cell cycle, in a mutant lacking Rsrlp. Thus, a more attractive model may be that Cdc24p is activated (directly or via an effect on some associated protein) by some form of the cell-cycle-controlling Cdc28p-cyclin protein kinase, but that this activation (or subsequent productive interaction with Cdc42p) is normally restricted spatially to the site at which corn- Figure 5 . {A,B) Localization of Cdc24p. Strain NV10-EB (AM7a cdc24::LEU2 ade2 his3 leu2 lys2 trpl ura3 |pEGKT-CDC24)) contains a high-copy-number plasmid derived from pEG(KT) (Mitchell et al. 1993 ) that expresses a fusion of GST to full-length Cdc24p under control of the GAU/ GALIO upstream activator sequence. NV10-EB cells were grown on medium containing 2% glucose + 2% galactose. Under these conditions, the fusion protein is produced at levels comparable to that of Cdc24p in a wild-type strain (as judged by immunoblotting) and fully complements the cdc24::LEU2 disruption for growth at 30 o C. Immunofluorescence was performed using Cdc24p-specific antibodies (/4) or GST-specific antibodies (fî) (see Materials and Methods). Cdc24p appears to have a circumcellular distribution with a concentration near or at the cell surface. Similar results were obtained when the Cdc24p-specific antibodies were used to stain wild-type cells. The GST-specific antibodies showed essentially no staining of control cells. (C,D) Cells of wild-type strain C276 were double-labeled using Bemlp-specifie antibodies (C; see Materials and Methods) and Rhodamine-phalloidin to visualize actin (D).
plex formation with Rsrlp-GTP occurs. Formation of this complex might involve Bemlp (see above), a hypothesis supported by the observation that Bemlp also is localized to presumptive bud sites and the tips of small buds (Fig. 5C,D) (K. Corrado and J. Pringle, unpubl.) . In the absence of Rsrlp, Bemlp might be able to support the formation of complexes involving activated Cdc24p and Cdc42p at random sites. An attractive feature of this model is that it would explain the synthetic lethality observed between budS mutations (which would reduce the level of Rsrlp-GTP) and beml mutations.
Other proteins may also be involved in the RsrlpCdc24p interaction. In a Gl-cyclin-deficient background, bud2 mutations are lethal and cause arrest like that seen with cdc24 or cdc42 mutants (Benton et al. 1993; CvrCková and Nasmyth 1993) . The lethality is relieved by deletion of RSR1, and an rsrl G12V mutation produces a similar effect in a Gl-cyclin-deficient BUD2 strain. One model to explain these results is that when Rsrlp is stuck in the GTP-bound form, some component that is necessary for Cdc24p function and limiting in the Gl-cyclin-deficient background becomes sequestered into unproductive complexes. The putative limiting component does not appear to be Cdc24p (B, Benton and F. Cross, pers. comm.) and might be Bemlp or some novel protein.
Communication between the Polarity-establishment
Functions and the Cytoskeleton It has long been clear that the activities of Cdc24p and Cdc42p are necessary for the establishment of cytoskeletal and growth polarity (see above). However, until very recently, there have been few clues as to how these proteins actually communicate positional information to the cytoskeleton. Although this remains far from clear, recent evidence suggests that the communication involves both a family of protein kinases that interact with, and are activated by, Cdc42p-GTP and a set of proteins with Cdc42p-GAP activity.
The protein kinase connection was revealed serendipitously during a genetic screen for mutations lethal in a Gl-cyclin-deficient background (Cvrcková et al. 1995) . One of the genes identified, CLA4, encodes a protein kinase similar in structure to Ste20p, which was itself known from its role at the head of the "MAP kinase cascade" that transmits the signal during response to mating pheromone (Sprague and Thorner 1992; Herskowitz 1995; Levin and Errede 1995) . Deletion of CLA4 in a wild-type background produces morphological abnormalities but is nonlethal. However, such deletion is lethal in a stelOb. background, implying that in addition to its role in pheromone signaling, Ste20p plays (or at least can play) a role in vegetative growth that is redundant with that of Cla4p. A cla4 ,s ste20à strain has a remarkable phenotype at restrictive temperature (CvfSkova et al. 1995 ). It appears to polarize its actin cytoskeleton normally and displays polarized cell-surface growth. Moreover, the neckfilament-associated septin proteins appear to initiate normal polarized assembly, forming a ring at the presumptive bud site as in wild-type cells. However, as the bud begins to grow, the septins fail to remain in a normal ring at the mother-bud neck, and instead become dispersed over the surface of the growing bud. Associated with this delocalization of the septins is the production of abnormally wide mother-bud necks and a failure of cytokinesis. It is unclear whether the primary defect in the mutant involves a late stage in septin assembly or a subtle effect on the organization of the actin cytoskeleton and hence on the precise localization of cell-surface growth relative to the septin ring.
Cla4p and Ste20p are similar in structure to a human protein kinase, p65
PAK , that binds in vitro to human Cdc42Hs-GTP and is activated by this interaction (Manser et al. 1994) . Consistent with these observations, a combination of gel-overlay binding assays (Cvrcková et al. 1995) , two-hybrid data (Table 1 ) (Cvníková et al. 1995; Simon et al. 1995) , and in vitro protein kinase assays (Simon et al. 1995) suggests that both Cla4p and Ste20p interact specifically with Cdc42p-GTP in yeast and are activated by that interaction. Several observations suggest that these interactions are physiologically significant. First, cla4 and cdc42 mutations are synthetically lethal (Cvrcková et al. 1995) . Second, simultaneous overexpression of CLA4 and CDC42 gives much stronger suppression of a cdc24
,s mutation than does overexpression of CDC42 alone (E. Bi and J. Pringle, unpubl.) . Third, data suggest that Cdc24p and Cdc42p are involved in transmitting the mating pheromone signal from the ßy component of the heterotrimeric G protein to the MAP kinase cascade (Simon et al. 1995; Stevenson et al. 1995) .
In the pathway for polarity establishment during budding, from the available evidence it appears that the Cdc42p-Cla4p/Ste20p link is not involved either in the initial polarized organization of the septins or in the polarization of the actin cytoskeleton (Fig. 4) . However, it should be noted that a third yeast member of the Cla4p/Ste20p family, more similar in structure to Cla4p than to Ste20p, has recently been identified by the genome-sequencing project. In two-hybrid assays, this protein behaves very much like Cla4p (cf. Table 1) (C. De Virgilio and J. Pringle, unpubl.) . It seems likely that deleting this gene (perhaps in combination with deletions of CLA4 and/or STE2Ö) will produce an earlier disruption of septin organization, an effect on actin polarization, or both. Another important goal clearly is to identify the substrates of this family of protein kinases. In this regard, it should be noted that the immediate target of Ste20p in the pheromone-response pathway appears to be the MAP kinase kinase kinase Stellp (Sprague and Thorner 1992; Herskowitz 1995; Levin and Errede 1995) , and that the effects of cla4 mutations can be suppressed by high osmolarity if the elements of a second MAP kinase pathway (the socalled HOG pathway, involved in resistance to osmotic stress) are intact (Cvrcková et al. 1995) . Thus, although other routes to activation of the HOG pathway have been identified (Maeda et al. 1995) , it seems possible that one immediate target of Cla4p/Ste20p during budding is the pair of HOG pathway MAP kinase kinase kinases Ssk2p and Ssk22p (Levin and Errede 1995; Maeda et al. 1995) .
Meanwhile, new evidence suggests that Bem3p and Rgalp, a pair of putative Cdc42p-GAPs, may also be effectors of septin assembly. BEM3 was identified as a multicopy suppressor of a mutation in BEM2 (Bender and Pringle 1991 ) , which itself appears to be a GAP for other Rho proteins, but not for Cdc42p (see above). In contrast, several lines of evidence (reviewed below) suggest that Bem3p is a GAP for Cdc42p. RGA1 was identified (Stevenson et al. 1992 (Stevenson et al. , 1995 by a mutation that allowed a modest level of expression of the pheromone-signaling pathway even in the absence of Gßy, normally an essential positive transducer of the pheromone signal (Sprague and Thorner 1992) . As several other lines of evidence (reviewed below) suggest that Rgalp is a GAP for Cdc42p, this phenotype presumably reflects the role of Cdc42p in transmission of the pheromone signal (see above): The loss of a Cdc42p-GAP presumably results in a higher basal level of activated (GTP-bound) Cdc42p, which allows some activity of the signaling pathway even in the absence of the normal stimulus.
Bem3p and Rgalp both have sequence homology with other known Rho-GAPs, and Bem3p has been shown to have Cdc42p-GAP activity in vitro (Zheng et al. 1994b; Stevenson et al. 1995) . In addition, both Bem3p and Rgalp interact specifically with Cdc42p, and not with other Rho proteins, in two-hybrid assays (Table 1) (Stevenson et al. 1995) ; as expected for a GAP, the interaction is much stronger (indeed, for Bem3p only detectable) when Cdc42p is locked in the GTP-bound form by a G12V or Q61L mutation. In addition to the effect of rgal mutation on the pheromone-signaling pathway (see above), several other in vivo tests are also consistent with the hypothesis that Bem3p and Rgalp can reduce the levels of activated Cdc42p. First, overexpression of either BEM3 or RGA1 eliminates the suppression otherwise seen (Bender and Pringle 1989 ) oi cdc24' s mutations by multicopy CDC42 (Fig. 6A) ; presumably, the suppression depends on having an adequate amount of Cdc42p in the GTP-bound form, a condition that is prevented by overexpression of a GAP. Second, overexpression of either BEM3 or RGA1 also exacerbates the phenotype of cdc24 ls or cdc42' s mutations (i.e., reduces the maximum temperature at which the strains can survive) (Fig. 6B, sectors 3 and 4) (Stevenson et al. 1995) , whereas deletion of BEM3 has a weak effect in the opposite direction (E. Bi and J. Pringle, unpubl.) .
Given this background and the known role of Cdc42p in promoting polarized assembly of the septins, we were surprised to find that overexpression of either BEM3 or RGA1 could suppress temperature-sensitive mutations in CDC/2, one of the septin-encoding genes (Fig. 6C , sectors 3 and 4) (E. Bi and J. Pringle, unpubl.) . Such suppression of cdcl2' s is not displayed by at least one other apparent negative regulator of Cdc42p (Fig. 6C, sector 2) , whose genetic interactions with CDC24 and CDC42 are similar to those described above for BEM3 and RGA1 (Fig. 6B, sector 2 ) (E. Bi and J. Pringle, unpubl.) . In addition, deletion of BEM3, although producing little or no phenotypic effect on its own (Zheng et al. 1994b; Stevenson et al. 1995) , is synthetically lethal with the cdc12 ,s mutation (E. Bi and J. Pringle, unpubl.) , and deletion of both BEM3 and RGAI, although not lethal, produces morphological abnormalities consistent with the hypothesis that septin assembly has been compromised (Stevenson et al. 1995) . The simplest interpretation of the results ¡s that the Cdc42p-GAP activity of Bem3p and Rgalp is a concomitant of a role as positive effectors of septin assembly at the presumptive bud site (Fig. 4) . It is not yet clear whether Bem3p and Rgalp function as components of the CIa4p/Ste20p effector pathway or as an independent effector pathway (Fig. 4) , and the viability of the bem3 rgal double mutant suggests that Bem3p and Rgalp may not be the only Cdc42p-GAPs.
To date, although the possibility that each system is more than twofold redundant (see above) is an important caveat, neither the Cla4p-family protein kinases nor the Cdc42p-GAPs are implicated in the polarization of the actin cytoskeleton (Fig. 4) . Indeed, there are still few clues as to how this centrally important process occurs. It is possible that Cdc42p operates through one or more of the other Rho GTPases in a "GTPase cascade" to achieve actin polarization (Chant and Stowers 1995) ; this would parallel a model developed for animal cells that proposes sequential action of Cdc42, Rac, and Rho in organizing the actin cytoskeleton (Nobes and Hall 1995) . However, there is little evidence for the existence of such a pathway in yeast; indeed, as noted above, the available evidence instead suggests that Rholp, Rho3p, and Rho4p are required not for initial polarization but for subsequent maintenance of polarity during early bud growth (Matsui and Toh-e 1992; Yamochi et al. 1994; K. Nishimura et al., in prep.) . Another possibility is that Cdc42p functions by regulating phosphoinositide 3-kinase, as has been suggested for mammalian cells (Zheng et al. 1994a) . However, it is not clear that this mechanism could produce the tight spatial localization of actin cytoskeletal assembly that is actually observed. Thus, it seems more likely that the communication between Cdc42p and the actin cytoskeleton will involve novel elements; these elements are likely to be discovered either by additional genetic studies or by use of the permeabilized-cell system developed by Li et al. (1995) , which exhibits Cdc42p-dependent actin assembly.
Coordination with the Cell Cycle and Relationship to Polarity Establishment during Mating
Successful cellular reproduction clearly requires that the morphogenetic events of the cell cycle be coordinated temporally both with each other and with other events such as the duplication and division of the nucleus. As the unbudded cells produced by division at first grow isotropically (Pringle and Hartwell 1981) , it has long been presumed that the onset of cell polarization must be triggered by the cell-cycle-commitment event known as Start. Indeed, there is now good evidence that the activation of the Cdc28p protein kinase by Gl cyclins (the molecular equivalent of Start) is responsible for the initiation of polarization (Lew and Reed 1993) . (However, it should also be noted that the orientation of this polarization appears to respond to positional signals that were placed in the cell cortex during previous cell cycles, as described above.) Moreover, it appears that subsequent transitions in the organization of the cytoskeleton are also triggered by changes in the activities of the Cdc28p kinase as it associates with other cyclins during the cell cycle (Lew and Reed 1993) , and that coordination of the budding pathway with the nuclear cycle is mediated by a checkpoint that delays nuclear division (by means of inhibitory phosphorylation of Cdc28p) if bud emergence or growth has been delayed (Lew and Reed 1995) .
The substrates upon which Cdc28p operates to exert these controls have not been identified. It would not be surprising to find that they include the Rsrlp regulatory factors Bud5p and/or Bud2p, and, indeed, the lethality of bud2 mutations in a Gl-cyclin-deficient background (Benton et al. 1993; Cvrcková and Nasmyth 1993) strongly suggests that the Cdc28p-Glcyclin complexes directly or indirectly affect the RsrlpCdc24p interaction (see also above). However, this cannot be the whole story, as cells lacking RSR1 (Bender and Pringle 1989) , BUD5 , or BUD2 (Park et al. 1993) appear to have normal coordination of budding with the cell cycle. One possible model is that control by the Cdc28p-Gl-cyclin protein kinase is exerted both on the Rsrl p regulatory factors and on a polarity-establishment protein such as Cdc24p or Bemlp (or both).
When an a cell encounters an a cell, the endogenous program for establishing polarity adjacent to the previous bud site (axial budding) is overridden by the pheromone signals, and the cells polarize growth toward their mating partners (see the introduction). It is of interest to ask what part of the hierarchy controlling polarization during budding (Fig. 1) is also involved in the control of polarization during mating. Mutations in the bud-site-selection genes do not appear to affect the ability to polarize toward a mating partner (Chenevert 1994) , implying that the products of these genes are involved only in site selection during budding. In contrast, mutations in CDC24 prevent mating (Reid and Hartwell 1976 ) and the polarization of growth and secretion in response to mating pheromone (Field and Schekman 1980) . Interpretation of these observations has recently been complicated by the evidence that Cdc24p and Cdc42p are apparently involved in transmission of the pheromone signal from the G protein ßy subunits (Sprague and Thorner 1992) to Ste20p at the head of the MAP-kinase cascade (Simon et al. 1995; Stevenson et al. 1995; M. Peter and I. Herskowitz, pers. comm.) ; that is, the failure to polarize in response to pheromone could reflect a general failure to respond to pheromone rather than a specific involvement of the proteins in polarization under these conditions. However, the isolation of special cdc24 and beml mutants that fail to polarize in response to pheromone but are otherwise normal in pheromone response (Chenevert et al. 1992 suggests that Cdc24p and Bemlp (and probably Cdc42p) are directly involved in polarization in response to pheromone in addition to their apparent role in pheromone signal transmission. It is interesting that Ste20p also appears to function in polarity establishment during budding, at least under conditions in which its homolog Cla4p is deficient (CvrCková et al. 1995; and see above) . It seems likely that these apparent complications (from the point of view of the investigator) are actually a simplification (from the point of view of the cell) in facilitating the coordination of the several different pathways in which these proteins participate.
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CONCLUDING REMARKS
Although many mysteries remain, the morphogenetic hierarchy depicted in Figure 1 seems likely to provide a reliable guide for further thinking and experimentation on the generation of cell polarity in yeast. Although other methodologies have played a role, the progress in this area has been due largely to the power of genetic methods to uncover novel and often unanticipated functions, even when the proteins providing these functions are nonabundant in the cell, and to elucidate the functional relationships between gene products. It remains to be seen to what extent the general organization of functions and specific mechanisms elucidated in yeast cells will apply also to other kinds of cells. However, given such hints as the role of cortical markers in orienting division planes in Caenorhabditis elegans embryos (Hyman 1989; Goldstein 1995) , the similar organization of GTPase modules and GTPase cascades (Chant and Stowers 1995) and the remarkable similarity of Cdc42 proteins in different organisms (Johnson and Pringle 1995) , and the apparently widespread communication of Cdc42 proteins with Ste20p-like protein kinases (Manser et al. 1994; Simon et al. 1995; Cvrcková et al. 1995) , it seems likely that studies in yeast will be of considerable assistance to attempts to elucidate the corresponding mechanisms in other types of cells.
